Precise VLBI surveying at the Madrid Deep Space Communications Complex by Rius, Antonio & Jacobs, C. S.
UNIVERSIDAD COMPLUTENSE
FACULTAD DE CIENCIAS MATEMATICAS
CONSEJO SUPERIDR
DE INVESTIGACIONES CIENTIFICAS
INSTITUTO DE ASTRoNoMIA y GEODESIA
(Centro mixto C.S.I.C. - U.C.M.). MADRID
Publicación núm. 173
PRECISE VLBI SURVEYING
AT THE MADRID DSCC
por
A. RIUS y C. JACOBS
PRESENTADO EN LA «EUROPEAN GEOPHYSICAL SOCIETY XVI GENERAL
ASSEMBLY»
Barcelona, marzo de 1989
MADRID
1989
PRECISE VLBI SURVEYING AT THE
MADRID DEEP SPACE COMMUNICATIONS COMPLEX
A. Rius
Instituto de Astronomia y Geodesia,c.S.I.C.-U.C.M.,
Facultad de Ciencias Matematicas, E-28040 Madrid,Spain
C.S. Jacobs
Jet Propulsion Laboratory,
California Institute of Technology,
4800 Oak Grove Drive, Pasadena, Cal. 91109
Abstract
The new DSS65 antenna (34 m) located at the Madrid Deep Space
Communications Comp1ex (MDSCC) has been equipped with standard
(MkIII) S-band and X-band geodetic VLBI instrumentation. This
equipment upgrade enables DSS65 to participate in the Crustal
Dynamics Project and other global geodynamical campaigns.
With the purposes of al establishing continuity between the
results of the past campaigns which involved other MDSCC
antennas and b) providing scheduling flexibility, a high
precision VLBI experiment has been performed between the DSS63
(70 m) and DSS65 antennas and correlated at the Caltech/JPL Block
11 Correlator. The DSS63-DSS65 baseline has been measured with a
formal uncertainty of a few millimeters (mm). Systematic
measurement errors are estimated to be approximately 10 mm.
The results of this experiment, combined with previous
local VLBI surveys, provide the required complete set of vector
baselines for DSS61/63/65.
1. Introduction
The MDSCC is part of the NASA Deep Space Network (DSN). The MDSCC
contains state of the art instrumentation for undertaking VLBI
geodynamical studies. The figure 1 summarizes the present
capabilities.
Although the primary use of these facilities is for
tracking planetary probes, a significant part of the time is
allocated to radioastronomical and geodynamical projects. Until
August 1988 the available instrumentation at the MDSCC has
allowed the performance of experiments with non-standard
geodetic VLBI instrumentation: Mark 11 ,40 MHz synthesized
bandwidth and/or non S/X instrumentation.
The table 2 gives the references for the results of the past
geodetic experiments involving the MDSCC and other antennas
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A.Nothnagel et al (1987)
A.Nothnagel et al (1987)
G. Petit et al (1988)
Tabie 2.Geodetic VLBI experiments involving MDSCC
Although all these experiments were per~ormed with
suboptimal geodetic VLBI instrumentation, the results obtained
reta in their interest because of their unicity and their "first
epoch" nature.
The full implementation during 1988 of the VLBI capabilities at
the DSS65 antenna has allowed the regular participation of the
MDSCC into global geodynamical programs like the NASA Crustal
Dynamics Project (Vierbuchen et al., 1989) • The different
ongoing projects will include DSS65 as a primary VLBI reference
2
point. Therefore, in order to connect the previous results with
the new ones a program for measuring the baseline DSS63-DSS65
has been started. The present paper presents the first results
obtained in this programo
2. The interferometer setup
This experiment was performed at S-band (2.3 GHz) and X-band (8.4
GHz). We observed with synthesized bandwidths of 40 MHz using
two MarkII Bandwidth synthesis switching systems. Each bandwidth
was synthesized by observing three 2 MHz channels placed at
the frequencies -20, 9 and +20 MHz relative to 2285 and 8440
MHz, the center frequencies of the S and X-band TWM
preamplifiers used. In order to avoid problems derived from the
correlation of signals with small natural fringe rates (i.e the
doppler shift due to earth rotation which is of the order 1Hz for
a 0.5 km baseline at X Band),o we offset the S and X local
oscillator frequencies at one antenna by 200 Hz. The two
external channels were used to provide a priori information to
help in the determination of the cycle ambiguities in the phase
data from the internal channel.
with the hope of minimizing signal path length variations as the
antenna geometry changes, we maintained the subreflector in a
"fixed position".
3. The observations
We have observed sources contained in a subset of the JPL
~arycentric J2000 Catalogue (Sovers et al 1988). There were two
selection criteria judged according to data from the Very Large
Array (VLA) calibrator manual: 1) correlated flux density higher
than 2 Jy at 6 cm wavelength and 2) no source structure problems
at 1.3,6 and 20 cm wavelength. The complete set of observations
was composed of 62 scans each 180 seconds long. Taking into
account the proximity of the antennas, the selection of sources
observed was made with the objective of maximizing the sky
coverage in the minimum time.
4. Data analysis and systematic Error Discussion
The correlation of the data has been performed at the JPL-Caltech
Block 11 correlator (Thomas 1987). The correlated data (ph~se
delays, group delay. and phase rates) has been analyzed uS1ng
the JPL Masterfit Software (Sovers and Fanselow, 1987). In
the results presented below, correlations between observations
are ignored Le. a diagonal observation covariance matrix was
used. The diagonal terms are the root-sum-square (RSS) of the
measurement uncertainty due to SNR (typically 0.1 mm) and a
constant term ( 3 rnm) chosen to make the Chi square of the fit
equal to l. This constant term is needed to account for
unmodeled systematic errors.
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a) Reference frame orientation
The a priori delay model uses IRIS determinations of the Earth
orientation and the celestial reference frame defined through the
sources already mentioned. Comparisons of the intercontinental
results produced with different terrestrial and celestial frames
and the various packages in use by the VLBI community indicates
that our resul ts should be independent of this a priori
information to less than 1 mm. For example, even a 100 mas
r.otation of the 0.5 km baseline produces less than 1 mm change in
the baseline.
b) Earth modeling









Assuming that these effects vary linearly, over a 0.5 km baseline
even a 500 mm tidal effect would cause less than 0.1 mm change in
our baseline (500 mm x 0.5km/6,300 km < 0.1 mm).
c) Ionosphere
For a smoothly varying ionosphere, the line-of-sight differential
ionosphere delay is estimated to be <= 1mm at S-band (2.3 GHz).
The ionosphere fluctuations are estimated to be approximately 1.3
mm/sin(elevation) at 2.3 GHz (see Callahan, 1984). Ionosphere
effects at X-band (8.4 GHz) will be scaled down by the square of
the S to X-band frequency ratio and are thus negligible. We have
used the S/X dual frequency ionosphere calibration for our data.
d) Instrumental phase variations
The ionosphere calibration discussed above is limited by the lack
of instrumental phase calibration. As a result, differential S
vs. X-band instrumental phase shifts can be corrupting the
ionosphere calibration. The S - X band phase delay baseline
estimates (see table 1) differ by 5 sigma (7mm) in the Y
component and 3 sigma (-4mm) in the length. These differenées
are taken as evidence of S - X. instrumental phase shifts.
e) Feed rotation
As each antenna tracks a source, the receiver feed rotates
causing a change in the measured phase of the circularly
polarized signal (we recorded IEEE convention right circular).
The effect cancels for group delay measurements. The Masterfit
program includes the model of Liewer (1985). Since both antennas
are of the same mount type (azimuth-e1evation) and both pointed
at nearly the same orientation due to the short baseline, this
effect has negligib1e impact on our baseline estimate. For
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different mount types (e.g. 05563 [Az-El]-05561 [Ha-Oec]) the
effect can be several mm.
f) 5ubreflector
Because antenna structures deform as they change orientation in a
gravity field, the subreflector position of a cassegrain antenna
may be adjusted in order to compensate for changes in the antenna
focal length (autofocus modele This adjustment also changes the
signal path length (delay) which is the primary observable in
geodeticjastrometric experiments such as ours. Katow (1981)
analysis of the 05S14 (64m) antenna concluded that fixing (vs.
autofocusing) the 3ubreflector minimizes path length variations.
Assuming that this conclusion also holds for the OSS63 (70m) and
DSS65 (34m) both subreflectors were held fixed. We hope to
test this conclusion in a future experimente
Following Katow(1981), Rius et ,al. (1987) and Clark and Thomsen
(1988), we expect gravitational deformation effects to be
proportional to sin (Elevation) . Because the station Locat.Lon
local vertical coordinate also has a sin(Elevation) signature,
gravity effects -if not modeled a priori- will be absorbed into
the local vertical coordinate of the baseline estimate.
g) Thermal expansion
Assuming a standard value for the mean linear dilatation
coefficient of the two instruments less than or equal to the
thermal coefficient of steel (= 1.2E-5 jdeg) , the relative
vertical displacement of both antennas is less than 0.25 mID/deg.
Assuming that diurnal and/or seasonal temperature variations of
20 deg C occur, thermal expansion effects could reach 5 mID. As
the ambient temperature ranged from 3 to 8 degrees C during our
experiment, we expect that the thermal expansion effects within
our experiment are approximately 1 mID. The model used to obtain
the results below has neglected thermal effects, implicitly
refering our results to the mean experiment temperature of
5 deg. C.
h) Troposphere calibration
Our a priori model uses measured pressures and temperatures and
an estimate of the relative humidity in conjunction with the
Lanyi (1984) mapping function. In comparison to intercontinental
baselines, the 0.5 km baseline under consideration is insensitive
to the troposphere 'delay. This is because both stations 'see'
almost the same troposphere. There are two important effects
which limit this insensitivity.
First, the real troposphere exhibits fluctuations which are
principaly due to variations in the atmospheric water vapor
distribution. Because of their random nature, these fluctuations
cannot be directly modeled. However, a stochastic model can be
used to calculate the observation covariance due to t:hese
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fluctuations, thereby weighting more real istically the
observations estimation (including correlations between
observations). preliminary tests with an observation covariance
derived from the Treuhaft and Lanyi troposphere model (Treuhaft
and Lanyi,1987) indicate that our solutions could be changed by
several mm, mainly in the local vertical component of the
baseline.
The second effect can be treated more directly. Due to the
relative proximity of our antennas, the zenith tropospheric
delays of the two stations are nearly equal except for the
fluctuation mentioned above and a bias due to the difference in
.altitudes of the two sites.
Our baseline solution gave an appr-oxí.matie altitude difference
between 05563 and D556S of -30 m. Assuming, 1) a dry troposphere
scale height of 8.5 km, and a zenith troposphere del ay of 210
cm, 2) the dry component of the,troposphere to be in hydrostatic
equilibrium the D556S dry zenith troposphere delay ahou Ld be
increased by 8 mm (=210 cm x 30m/8,SOO m) relative to D5563. The
wet troposphere (water vapor) scale height is 1-2 km and the wet
zenith troposphere delay is 5-10 cm, thus there is potential for
zenith delay biases of in the range 1-3 mm. Lacking relative
humidity data for our experiment, we used a seasonal average
humidity; uncertainty in modeling wet delays as a function of
humidity leads to the estimated range of 5-10 cm for wet zenith
delay. However it must be stressed that the water vapor
.distribution is poorly known and cannot be assumed to be in
hydrostatic equilibrium. Faced with this limitation, we chose to
estimate a wet zenith bias between the two stations. The result
was of 3 +/- 1 mm.
i) Local vertical
The local vertical component of the baseline is of special
interest because it is particularly prone to systematic errors.
The local vertical's contribution to the geometric delay is
proportional to sin (elevation) • Thus the effects listed below
which depend on sin(elevation) wlll affect the local vertical
estimate.
1) Geometry: Whereas all azimuths can be observed, less than half
the elevations (6 to 90 deg) can be observed; thus the verticál
measurement is fundamentally weaker than the horizontal.
2) Atmospheric effects such as troposphere and ionosphere scale
approximately as 1/sin(elevation).
3) Gravitational deformation: the component of gravity along the
raypath to the feed is proportional to sin(elevation).
4) Thermal: Assuming that all sides of the antenna are of nearly




The results are summarized in the table below. All errors listed
are 1 sigma formal uncertainties. Our principal resul t is the
S/X phase delay baseline estimate. For this estimate we includo
the correlations of the XYZ coordinates and the local
east,north,vertical (ENV) coordinates. The standard deviations
in the local ENV frame are included in order to emphasize that
the vertical measurement is much weaker than the horizontal (EN)
measurement.
X (m) Y(m) Z(m) L(m)
S/X Phase 244.100 -308.293 -360.329 533.354
Delay +/-.003 +/-.001 +/-.003 +/-.001
Correlation -0.349 (XY) 0.912 (XZ) -0.270 (YZ)
Correlations 0.181 (EN) -0.057 (EV) -0.094 (NV)
ENV sigma +/-.001 +/-.001 +/-.004
X Phase 244.100 -308.292 -360.329 533.353
Delay +/-.003 +/-.001 +/-.003 +/-.001
S Phase 244.106 -308.285 -360.324 533.349
Delay +/-.003 +/-.001 +/-.003 +/-.001
S/X Group 244.063 -308.292 -360.352 533.352
Delay +/-.026 +/-.009 +/-.023 +/-.010
Tabl~ 1. MASTERFIT estimates
Subreflector fixed. No Phase Calibration.
6. Accuracy
A conventional geodetic survey is being performed by the Spanish
Instituto Geografico Nacional with the general objective of
connecting the different VLBI antennas with several geodetic
signals which will be used in GPS and related projects. The
results for this baseline are not yet available as an
independant verification of our estimate.
For the present, we are limited to test the internal consistency
of our results. As an independent check of the JPL modeling and
parameter estimation software, we have analyzed the S/X group
delay data using the Bonn VLBI Software System (BVSS). The BVSS
estimates of the baseline components and length and the
clock are offset are equivalent, within .the formal errors,
with the MASTERFIT solutions.
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7. Conc1usions
The measurements performed allow the reference of past
experiments using DSS63 and DSS61 to the new DSS65 presently used
in connection with the main global S/X Band VLBI and GPS
campaigns. Using the phase delay observable, we have made our
first measurement of the DSS63-DSS65 baseline vector with formal
uncertainties of a few mm. In the future, we plan to repeat the
VLBI baseline measurement and compare with a ground survey
measurement in order to study sources 'of systematic error. The
phase delay data type will provide the very precise (in the order
of O.lmm) delay measurements needed to investigate VLBI
systematic errors at the mm level. For the preser.t, we estimate
that systematic errors are at the 10 mm level and are mainly
affecting the local vertical component of the baseline.
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